This study reports on the changes in intracellular calcium concentration ([Ca"],) and intracellular [pH], remains changed during the time the cells were followed (10 min). The programming time (i.e., the time from the initiation of the cytotoxic process to the time that a change in the physiological parameter was detected) of the killing process that leads to an immediate target cell death appears to be shortest at [pHla 7.3-7.6 (approximately 3 min). o 199s wuey-~lss, hc.
The interaction between cytotoxic cells and target cells has been the subject of numerous studies (4, 7, 12, 22, 27, 30) . The exact killing mechanism, however, has not been resolved yet.
It is generally accepted that perforin (pore forming protein) plays an important role during the cytotoxic process (7,2730). However, the existence of additional killing mechanism(s) is suggested by the fact that killing can occur in the absence of calcium, a condition necessary for the action of perforin, and also in the absence of detectable degranulation ( 18, 29) . Moreover, perforin-deficient killer cells can still be cytotoxic to certain types of target cells, albeit with a lower efficiency (10).
The evidence that the interaction with a killer cell can lead to DNA fragmentation in the target cell raises again the question of the cause of target cell death (4, 12, 22) . The enzymes directly responsible for the DNA damage
have not yet been identified. It was reported that both perforin and granzyme A are needed in order to obtain sigmficant DNA fragmentation (15) . This indicates that perforin not only can kill by damaging the cell membrane, but may also act as a helper molecule for other target cell damaging molecules. One possibility is that the channels formed by perforin molecules in the cell membrane ensure the "entrance" of other toxic agents into the target cell. Thus, different killing mechanisms need not be mutually exclusive (31 ) . Besides granzyme A, some other enzymes have also been proposed to play a key role in damaging the DNA (16, 24, 25) . The cellular physiology is greatly affected by the processes that lead to cell damage ( 5 ) . A change in the intracellular calcium homeostasis appears to be not only a hallmark of cell activation but also generally accompanies cell death (17) . It has been observed that the intracellular calcium concentration ([ca' + la) increases in the cells that are attacked by the cytotoxic cells (1, 19, 28) . In some cases this increase appeared to be a prereq uisite for efficient cell killing (13, 26) . Although calcium can play a protective role, it may also, at high enough concentrations, trigger a destruction pathway in the cell the membrane potential and the intracellular pH ([pH],,), hnctioning in concert to maintain cellular integrity. Changes in the membrane potential of target cells, associated with the killing process, have been reported previously (2 1 ). A clear picture of the eventual changes in [pH] ,, has yet to be formed (28) .
In order to get a better insight into the processes associated with target cell death, we have made an attempt to characterize the changes that occur in target cell [Cazfli, and [pH] ,, during a Natural Killer (NK) cell attack. We have done so by performing quantitative fluorescence microscopy of the target cells labeled with ratio probes specific for [ Ca2 
MATERIALS AND METHODS

Chemicals
RPMI-1640 was obtained from Seramed (Berlin, Germany), fetal calf serum from Gibco (Gaithersburg, MD), and rIL-2 from PromoCell (Heidelberg, Germany). The antibiotics, L-glutamine, leucoagglutinin, nigericin, EGTA, and poly-L-lysine hydrobromide (PLL; mol wt 70-150 kDa) were purchased from Sigma Chemical Co. (St. Louis, MO). Hepes and Na, EDTA were obtained from Merck (Darmstadt, Germany). Pluronic F-127, 4-Br A-23187, and fluorescent probes (Fura-2-AM, BCECF-AM, and BCECF-acid) were purchased from Molecular Probes (Eugene, OR).
Cells
NK cells, clone NK76, phenotype CD2 + 3-16 + 56 + , were cultured in 96-well plates in RPMI-1640 medium, supplemented with 25 mM Hepes, 2 mM L-glutamine, 10% pooled human serum, 100 U/ml penicillin, 100 pgml streptomycin, 1 pg/ml indomethacin, 1 pg/ml leucoagglutinin (PHA-L), and 25 U/ml rIL-2. Cells were subcultured each 7th day on a layer of 30 Gy irradiated feeder cells that consisted of the mixture of APD and BSM cells (Epstein-Barr virus-transformed B-cell lines), and peripheral blood lymphocytes.
K562 cells (human cell line derived from a patient with myelogenous leukemia) were maintained in exponential growth phase in RPMI-1640 medium, supplemented with 10% fetal calf serum, 2 mM L-glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin.
Labeling Procedures
Labeling with Fura-2-AM. A stock solution of Fura-2-AM was prepared in dimethylsulfoxide (DMSO; 1 mM). The working solution was prepared by mixing 9 parts of Fura-2-AM stock solution with 1 part of 20% Pluronic F-127 in DMSO (dissolved by heating to 40°C). Cells were resuspended in RPMI-1640/Hepes at a concentration of lo6 celldml. Fura-2-AM working solution was added to the cell suspension (final concentration 5 (IM) and the suspension was incubated in the dark at room temperature for 30 , overnight) and then mounted in a holder (which enables keeping the cells in the incubation medium). The cells were allowed to attach for 15 min at room temperature. The holder was mounted on the microscopic stage. The cytotoxic process was initiated by changing the EDTA medium for complete medium (with one washing step) without moving the holder from the stage. All experiments were performed at approximately 25°C.
As determined using flow cytometric cytotoxicity assay (20) , no killing was taking place in the presence of EDTA.
Ratio Measurements
The ratio measurements were performed using an inverted fluorescence microscope (IMT-2, Olympus Optical, Tokyo, Japan), equipped with an intensified CCD camera (C2400-87), a processor (DVS 3000), and a filter wheel (Berger Lahr), purchased from Hamamatsu photonics (Hemching am Ammersee, Germany).
For the measurements of calcium, a filter block consisting of a 350 * 50 nm band pass filter (excitation), a 400 nm dichroic mirror, and a 420 nm long pass filter (emission) (Olympus Optical) was used. For the measurements of pH, a filter block consisting of a 450 f 50 nm band pass filter (excitation), a 500 nm dichroic mirror, and a 515 nm long pass filter plus a 520 f 20 nm band pass filter (emission) (Olympus Optical) was used.
The band pass filter pairs 340 f 10/380 f 10 nm and 490 -+ 10/440 2 10 nm (Omega Optical, Brattleboro, VT) were placed in the filter wheel and used to select the excitation wavelengths for the calcium and pH probes, respectively.
A 100 W Hg lamp was used as an excitation light source. The excitation intensity was attenuated using neutral gray filters. Fluorescence ratios were usually in the range of 0.8-3.1 for calcium (fluorescence intensity > 420 nm, excited at 340 ndfluorescence intensity > 420 nm, excited at 380 nm) and Sl for pH (fluorescence intensity at 520 nm, excited at 490 nndfluorescence intensity at The image acquisition and the data analysis were performed using the dedicated software package ICMS (Intracellular Ion Measuring System), purchased from Hamamatsu Photonics. All images were obtained by averaging 4 frames. The time interval between 2 ratio images was 120 ms. Image pairs were acquired every 30 s for the desired period of time. An average ratio was determined for each measured cell by defining cell borders on the brightfield images and then measuring the fluorescence within the border lines.
For pH measurement of the solutions, analyzing windows of approximate cell size were placed randomly over the image and the average ratio was determined.
Calibration Procedures
Calcium calibration buffers (8) contained 160 mM NaCl, 4.5 mM KCl, 1 mM MgCl,, 5 mM Hepes, and 11 mM glucose. High calcium buffer also contained 10 mM CaCl,, while low calcium buffer contained 10 mM EGTA. The pH was adjusted to 7.3. Fura-2-AM-labeled K562 cells were incubated in low calcium buffer containing 5 FM A23 187 (Ca** ionophore; stock solution 5 mM in EtOH) for 5 min before collecting images for estimation of the minimum ratio, kin. Subsequently, the buffer was changed to high calcium buffer containing A23187 and after equilibration the images for the estimation of the maximum ratio, km, In situ calibration curves were obtained using the pH calibration buffers containing 5 FM nigericin (K+ ionophore, stock solution 10 mM in EtOH). BCECF-AM-labeled K562 cells were incubated with the first solution for 5-10 min to allow complete equilibration and then with subsequent solutions for 1 min before recording data.
In vitro standard solutions included 5 FM BCECF-acid (stock solution 5 mM in DMSO) in the pH calibration buffers and in complete medium, respectively. The solutions were measured using the coverglass holder with a mounted coverglass. Figure 1 shows calibration curves obtained for pH buffers, complete medium at different extracellular pH, and K562 cells. A s can be seen from Figure 1 , similar curves were obtained for solutions and cells.
[pH], of the control K562 cells was determined in complete medium at different extracellular pH, [pH],. As can be seen from Table 1 Calibration procedures were performed at 25"C, the same temperature as used in experiments during the cytotoxic process.
The average kin and
statistical Analysis
The data are presented as mean f S.D. Significance of differences was evaluated using the two-tailed t-test.
RESULTS
[CaZ+Ih: Kinetics and Quantitation
Within a few minutes after the cytotoxic process was initiated an increase of [Ca2+] , was detected in a fraction of the conjugated K562 target cells (Fig. 2B) . Figure 3 shows that the increase was preceded by the movement of NK cell granules (arrows) toward the target cell, as demonstrated using fluorescence upon 380 nm excitation of Fura-2 (19). The increase was usually accompanied by a leakage of Fura-2 out of the cell, indicating an increase in the permeability of the target cell membrane (Fig. 2C ). This is in agreement with the results of Poenie et al. (19) . Complete loss of the dye was interpreted as a sign of cell death. In a fraction of the target cells, however, the observed increase of [Ca2+] , was transient. In some of these cases an oscillating behavior was observed, while in others only a single increase was detected during an observation period of 10 min. The increase in membrane permeability of these cells was such that leakage of the dye was not complete. A few conjugates were followed up to 1 h and no additional change in [ CaZ attack by a killer cell causes changes in [pH],, of the target cell. Calcium measurements described above indicated, however, that the target cell membrane permeability increases upon interaction with a killer cell. This means that a change of [pH] ,, eventually observed during the killing process, may reflect the equilibration of [pHIin with [pH] ,, and need not necessarily be the result of an active cellular process. In order to test this, we followed [pHIin of some target cells while interacting with killer cells in complete medium at different [pH], (6.8, 7.0, 7.3, 7.6, and 7.8). The membrane permeability of the target cells was monitored simultaneously, using the decrease in fluorescence emission of BCECF upon 440 nm excitation (relatively insensitive to pH). Both release and retention of BCECF were used previously for measurement of the cytotoxic activity ( 1 1 ). Figure 5 (closed symbols) shows that during the cytotoxic process [pH],, of a fraction of the conjugated K562 target cells changed. The direction of the change (acidification or alkalinization) depended in general on [pH],,, indicating that an equilibration with [pH],, rather than an active cellular process was taking place. An additional decrease in [pH],, was observed in dying cells immediately before the cell died. This result, however, needs to be interpreted with caution since the low fluorescence signals, which were usually measured at that time, could lead to an underestimation of the ratio. The change in [pH],, was usually accompanied by an increased membrane permeability, i.e., leakage of BCECF out of the cell (Fig. 5, open symbols) . Similar to the leakage of Fura-2, the cell membrane became either completely permeable to BCECF (dying cells) or partly (Fig. 5, transient cells: asterisks) during the 10 min observation time. In most cases where the dye completely leaked out of the cell, the leakage occurred in one step with a half-time of approximately 70 s. In cases of partial permeability, [pH],, did not return to the initial level but rather remained on the changed level for the time the cells were followed.
Changes in [pH],, were observed neither in the non-conjugated K562 cells nor in the control K562 cells (incubated without NK cells).
Effect of [PHI, on the Cytotoxic Process
The measurements of [Ca2+], and [pHL were used to resolve whether [pH] , affects the killing mechanism that leads to immediate cell death. The efficiency of the process and the average programming and killing times were determined. The programming time was defined as the time from adding calcium to the conjugates to the time that a change in the physiological parameter was detected. The killing time was defined as the time between detecting the first change to the moment of cell death (i.e., dye completely leaked out of the cell). 
DISCUSSION
Our results demonstrate two different types of target cell response to the attack by an NK cell. A target cell either dies immediately (on the average within 3 min; Fig.  7 ), due to a complete breakdown of the membrane impermeability ("dying cells"), or it manages to repair the initial damage and survives ("transient cells"). These two responses may correspond to two distinct killing mechanisms employed by NK cells (23). Another possible explanation is that individual target cells differ in their sensitivity to the NK cell attack or that individual NK cells differ in their killing capacity (due to higher concentration of the killing molecules?). The immediate cell death probably reflects the action of perforin, i.e., formation of pores in the target cell membrane which lead to osmotic imbalance and to the burst of the target cell. The transiently increased membrane permeability we observe is similar to the one previously observed upon treatment of the cells with sublethal doses of perforin ( 9 ) , clearly indicating the repair capability of the cells
The attack by an NK cell leads to an increase of [Ca*+], in both dying and transient cells (Fig. 4 ). indicating that an active mechanism may also be involved in the increase of [Ca2+Iin. An active influx of calcium may be due to depolarization of the target cell membrane (21) , which could give rise to activation of voltage-dependent calcium channels (26) .
In In conclusion, we show that the K562 target cells undergo significant changes in the intracellular calcium and pH homeostases under the attack of cloned human NK cells. The existence of two different types of target cell response is clearly demonstrated.
